Gliomas harboring mutations in isocitrate dehydrogenase 1/2 (IDH1/2) have the CpG island methylator phenotype (CIMP) and significantly longer patient survival time than wild-type IDH1/2 (wtIDH1/2) tumors. Although there are many factors underlying the differences in survival between these two tumor types, immune-related differences in cell content are potentially important contributors. In order to investigate the role of IDH mutations in immune response, we created a syngeneic pair mouse model for mutant IDH1 (muIDH1) and wtIDH1 gliomas and demonstrated that muIDH1 mice showed many molecular and clinical similarities to muIDH1 human gliomas, including a 100-fold higher concentration of 2-hydroxygluratate (2-HG), longer survival time, and higher CpG methylation compared with wtIDH1. Also, we showed that IDH1 mutations caused down-regulation of leukocyte chemotaxis, resulting in repression of the tumor-associated immune system. Given that significant infiltration of immune cells such as macrophages, microglia, monocytes, and neutrophils is linked to poor prognosis in many cancer types, these reduced immune infiltrates in muIDH1 glioma tumors may contribute in part to the differences in aggressiveness of the two glioma types.
Gliomas can be divided into two groups, CpG island methylator phenotype (CIMP) and non-CIMP, with the survival of patients with CIMP gliomas being significantly longer (Noushmehr et al. 2010) . CIMP gliomas have a high frequency of mutations in isocitrate dehydrogenase 1/2 (IDH1/2), and the oncometabolite 2-hydroxygluratate (2-HG), which is produced by IDH1/2 mutations, is the driver of the hyper-DNA methylation phenotype (Dang et al. 2009; Turcan et al. 2012 ). In addition, there are canonical mutations in non-CIMP gliomas, including chromosome gains and losses (ch7 + /ch10 − ) that are completely different from those in CIMP gliomas (Ozawa et al. 2014; Bai et al. 2016; Ceccarelli et al. 2016) . How the CIMP phenotype drives glioma progression is not fully understood yet; however, a recent study has shown that hypermethylation promotes insulator dysfunction and leads to the increased expression of platelet-derived growth factor receptor A (PDGFRA) (Flavahan et al. 2016) . The reasons for the differences in survival between CIMP and non-CIMP gliomas are likely multifactorial but could in part be directly due to the effects of IDH mutations.
Non-CIMP wild-type IDH1/2 (wtIDH1/2) gliomas are more aggressive compared with their CIMP counterparts, and CIMP status is a more robust prognosticator for better clinical outcomes than histological grading (Hartmann et al. 2010) . Most experimental studies on gliomas have focused on the more aggressive non-CIMP and wtIDH1/ 2 glioblastoma multiformes (GBMs), partially due to the difficulty in establishing primary CIMP + glioma cell cultures and a lack of a definitive mouse model of CIMP gliomas (Sasaki et al. 2012) .
Multiple factors contribute to aggressiveness in solid tumors, one of which is immune cell content. Reduction or enhancement of specific immune cell types has led to increased or decreased survival in mouse models of several cancer types (Quail and Joyce 2013; Kitamura et al. 2015; Shalapour and Karin 2015) . Although the brain is thought to be an immune-privileged site, gliomas have a substantial component of immune cells, where macrophages and microglia can account for as many as 20%-30% of the total cells in some highly aggressive tumors (Badie and Schartner 2000; Kong et al. 2010) . In addition to differences in immune cell content, our group has previously described marked differences in effector immune cell function across mutant IDH1 (muIDH1) and wtIDH1 gliomas (Zhang et al. 2016) .
In order to better understand this aspect of glioma aggressiveness, we compared the immune cell components of muIDH1 and wtIDH1 gliomas. We found that human CIMP gliomas have significantly lower numbers of several immune cell types relative to non-CIMP tumors. We investigated the specific effects of IDH1 mutations on the immune cell content of gliomas in vivo using the RCAS/tva system to create an isogenic glioma pair driven by PDGF-driven mouse glioma models whose initiating events differed only in the presence or absence of muIDH1. The muIDH1 mouse gliomas showed many similarities to human muIDH1/CIMP gliomas, including elevated 2-HG, DNA methylation, and gene expression patterns as well as phenotypic characteristics, including reduced immunologic cell content. Overall, these data suggest that the longer survival time of CIMP glioma patients may be due in part to the IDH mutation and its effect on reducing a part of the tumor-associated immune system that enhances aggressiveness.
Results

Human muIDH1 gliomas have less immune infiltration than wtIDH1 gliomas
Gene expression signatures of wtIDH1 gliomas are strongly associated with an inflammation and immunologic response (Ceccarelli et al. 2016 ) and high levels of several chemokines and interleukins that may stimulate infiltration of regulatory immune cells. In order to determine whether the immune profile of muIDH1/CIMP is different from that of wtIDH1/non-CIMP gliomas, we performed FACS analysis using wtIDH1 (n = 10) and muIDH1 (n = 6) human glioma tissue samples. Of the 10 wtIDH1 tumors analyzed, nine tumors were glioblastomas (grade 4), and one tumor was a grade 3 astrocytoma. Of the six muIDH1/CIMP tumors analyzed, four tumors were grade 3 astrocytomas, one tumor was a grade 2 astrocytoma, and one tumor was a grade 3 oligodendroglioma. The data in Figure 1A demonstrate that muIDH1 human gliomas have significantly fewer overall CD45 + immune cells, and further subset analysis of immune cells indicated that the depletion of immune infiltrates was global, including microglia, macrophages, dendritic cells, B cells, and T cells, compared with that of wtIDH1 human gliomas (Fig. 1B) .
To validate and expand on these results, we turned to The Cancer Genome Atlas (TCGA) to look for gene expression evidence that muIDH1 human gliomas may contain fewer immune cells and determine to what extent the difference in expression is immune-related (Brennan et al. 2013; The Cancer Genome Atlas Research Network 2015) . We used TCGA data sets from previously annotated samples from Ceccarelli et al. (2016) . For this comparison, we ruled out the general correlation between malignancy and IDH1 mutation status by excluding GBMs from our analysis. Grade 2 and 3 gliomas were subdivided into two genetic groups: wtIDH1 and muIDH1. We identified 91 wtIDH1/non-CIMP and 417 muIDH1/ CIMP human low-grade gliomas (LGGs). Gliomas with 1p/19q codeletion and IDH1 mutations are defined as oligodendrogliomas (n = 169), and other muIDH gliomas without 1p/19q codeletion are classified as astrocytomas (n = 248) (Supplemental Fig. S1 ; Supplemental Table S1 ). We then used the publically available data sets from these tumors to investigate whether the same grade tumors had differential immune activation based on IDH1 mutation status.
We then identified the number of genes that were differentially expressed between the wtIDH1 and muIDH1 groups. Using a threshold of twofold or greater and a significant adjusted P-value (P-value < 0.05), we found 1297 genes to be reduced in expression, while 328 genes were increased in muIDH1 human LGGs relative to wtIDH1/ non-CIMP human LGGs (Fig. 1C) . Gene ontology (GO) analysis of these genes included terms related to developmental biology in both down-regulated and up-regulated genes (Fig. 1D ). The REVIGO (reduce and visualize GO) (Supek et al. 2011 ) plot using the down-regulated and up-regulated genes showed how these GO terms were clustered and correlated (Supplemental Fig. S2 ). REVIGO summarizes GO terms by removing redundant GO terms. The remaining terms can be visualized in semantic similarity-based scatter plots as in Supplemental Figure S2 . With this analysis, the numbers of GO terms were clustered together, indicating that certain biological pathways were repeatedly correlated with each set of genes. The upregulated genes were associated mainly with various developmental processes, such as multicellular organismal processes, developmental processes, regulation of multicellular organismal processes, and regulation of hormone levels, but rarely showed correlations with other types of GO terms (Supplemental Fig. S2A ; Supplemental Table S2 ). In contrast, the down-regulated gene sets were associated with various aspects of developmental biology, metabolism, and extracellular matrix (Supplemental Fig.  S2B ; Supplemental Table S3 ). In addition, we also identified that the down-regulated genes in muIDH1 human gliomas are associated with immune system processes. When muIDH1 gliomas were separated into muIDH1 astrocytomas and muIDH1 oligodendrogliomas, we found that GO terms related to chemotaxis and immune cell migration were linked to the down-regulated genes of muIDH1 astrocytomas and muIDH1 oligodendrogliomas (Fig. 1E) . Given that chemokines stimulate immune cell migration to wounded sites, repression of immune infiltrates could be due to the down-regulation of chemotaxis-associated genes in muIDH1 human gliomas.
There are significant genomic structural differences between muIDH1 and wtIDH1 gliomas, and the above gene expression differences between these two tumor types could be due to many factors other than IDH mutation status. Therefore, in order to determine what component of this difference is due to the IDH mutation specifically, we created an in vivo experimental system in immunecompetent animals where we could compare two isogenic glioma populations that differed only in IDH mutation status.
Generation of a muIDH1 RCAS/tva mouse glioma model
To investigate to what extent the global immune repression in muIDH1 gliomas is due to IDH1 mutations, we created isogenic muIDH1 and wtIDH1 mouse glioma models whose initiating events were identical except for muIDH1 expression. Given that IDH mutations alone are insufficient to induce gliomas in mice and primarily affect the extracellular matrix and blood vessel maturation (Sasaki et al. 2012) , we used the RCAS/tva system to ectopically express muIDH1 (R132H) in PDGF-driven gliomas. RCAS retroviral vectors were used to transfer genes to specific cell types in vivo that express the receptor tva (Dai et al. 2001; Hambardzumyan et al. 2009 ) to develop a pair of isogenic mouse tumor models that differ only in IDH1 mutation status. Both glioma types are driven by PDGF in combination with p53 loss, mimicking the frequent p53 mutation in IDH mutant astrocytomas (Bolouri et al. 2016) . We prepared three RCAS vectors expressing PDGF, wtIDH1-shp53, or muIDH1 (R132H)-shp53 ( Fig. 2A) . Next, we used three different Ntva mouse strains in which the tva receptor is expressed from the nestin promoter, allowing gene transfer to CNS progenitors Ntva_Ink4a/Arf
, and Ntva_Ink4a/ Arf +/+ (Supplemental Fig. S3A ,B; Hambardzumyan et al. 2009 ). Ink4a/Arf deficiency is strongly linked with higher-grade glioma formation in both human and mouse gliomas and is much more prominent in wtIDH1 than muIDH1 gliomas (Uhrbom et al. 2002) . Mice were injected with RCAS-PDGF-producing DF1 cells together with either DF1 cells producing RCAS-wtIDH1-shp53 (wtIDH1) or RCAS-muIDH1-shp53 (muIDH1). Tumors were generated from these injections with identical genomic backgrounds, with the initiating events differing only in IDH1 mutation status. We euthanized mice when they showed FACS analysis using wtIDH1 (n = 10) and muIDH1 (n = 6) human glioma tissues to quantify tumor-associated immune cells. Error bars show the standard error of mean (SEM). Analysis was done using Student's t-test. (C) Summary of the number of up-regulated and down-regulated genes between two glioma groups: wtIDH1 human low-grade gliomas (LGGs, black, n = 91), human muIDH1 astrocytomas (AS, red; n = 248), and human muIDH1 oligodendrogliomas (OD, blue; n = 169), (D) Summary of the number of gene ontology (GO) terms associated with up-regulated and down-regulated genes between two glioma groups. (E) Immune-related GO terms and corresponding P-values that are associated with the down-regulated genes in muIDH1 human gliomas.
signs of CNS pathology and harvested tumors. In a separate control experiment, we injected wtIDH1-expressing or muIDH1-expressing DF1 cells without PDGF-expressing DF1 cells. None of these mice developed tumors (data not shown), consistent with previous reports showing that IDH mutation is not sufficient to induce gliomas.
We characterized the resulting tumors so that we could compare them with their human counterparts. To verify integration of muIDH1 in the genomic backbone of murine gliomas, tumor tissues from each group were harvested and subjected to tumor genotyping from Ntva_Ink4a/ Arf −/− mice (Supplemental Fig. S3C,D) . The results shown in Supplemental Figure S3D confirmed that tumor DNA had integration of either wtIDH1 or muIDH1 genes of RCAS vectors. The presence of muIDH1 protein was verified by Western blotting using the muIDH1 R132H antibody (Fig. 2B ). In addition, immunohistochemistry for muIDH1 R132H staining also showed that muIDH1 was widely expressed throughout and within the muIDH1 mouse glioma while being absent in wtIDH1-overexpressing tumors in Ink4a/Arf −/− mice ( Fig. 2C ). We stained both Ink4a/Arf −/− muIDH1 and wtIDH1 tumors for hematoxylin and eosin (H&E), Olig2, Ki67, and CD31 and did not detect a difference in the grade or expression of these markers between the two tumor types ( The tumors that formed in the Ink4a/ Arf −/− background did not result in any differences in median survival between the wtIDH1 and muIDH1 groups, presumably due to the aggressiveness of tumors in this cohort. All subsequent experiments were performed using Ink4a/Arf −/− mice. We used these mice in order to ensure that both IDH1 wild-type and mutant tumors had a similar growth rate so that the observed effects were not due to different tumors sizes.
To determine whether muIDH1 was functional in vivo, we used mass spectrometry to measure 2-HG levels in mouse glioma tissues isolated from Ink4a/Arf −/− mice. Previous reports demonstrated that muIDH1 human gliomas and muIDH1-expressing mouse brain tissues contain 100-fold higher 2-HG than wtIDH1 human gliomas and wtIDH1-expressing mouse tissues (Dang et al. 2009; Sasaki et al. 2012) . Our muIDH1 mouse gliomas also presented ∼100-fold higher 2-HG than wtIDH1 mouse gliomas (Fig. 3C ). To determine whether 2-HG concentration is sufficient to affect DNA methylation as in human gliomas, we performed reduced representation bisulfite sequencing (RRBS) to quantify methylation of CpG islands in gliomas in Ink4a/Arf −/− mice (Meissner et al. 2005) . The obtained results showed increased DNA methylation of CpG islands of muIDH1 glioma DNA (Fig. 3D ). Anti-5-methylcytosine (5-mC) immunohistochemical Figure 2 . muIDH1-expressing mouse gliomas were generated using RCAS/tva technology. (A) Three RCAS vectors expressing PDGFa (black), human wtIDH1-shp53 with H1 promoter (wtIDH1-H1-shp53; blue), and human muIDH1-shp53 with H1 promoter (muIDH1-H1-shp53; red). IDH1 R132H was used for muIDH1. (B) Western blotting using mouse glioma tissues to verify muIDH1 expression. Glioma tissues were harvested from each glioma group (n = 3) and subjected to Western blotting using the IDH1 R132H antibody. All three muIDH1 mouse gliomas expressed muIDH1, while wtIDH1 mouse gliomas lacked muIDH1 expression. (C) Images of wtIDH1 and muIDH1 mouse gliomas using hematoxylin and eosin (H&E) staining and immunohistochemistry. Immunohistochemistry showed that muIDH1 expression was limited to muIDH1 mouse tumors. Images taken with 1.25× objectives show whole mouse brain sections with tumors infiltrating into normal brain tissue.
staining also showed that muIDH1 mouse gliomas have higher DNA methylation than wtIDH1 mouse gliomas (Supplemental Fig. S5 ). Finally, the overall gene expression pattern of muIDH1 mouse gliomas was measurably different from that of wtIDH1 mouse gliomas.
Differential activation of biological processes in muIDH1 mouse gliomas
We investigated whether the biology of our muIDH1 mouse gliomas resembled the tumor biology of muIDH1 human gliomas. Initially, we compared RNA expression patterns and identified genes with expression higher or lower in the Ink4a/Arf −/− muIDH1 mouse tumors relative to their wtIDH1 mouse counterparts. The REVIGO plot using the down-regulated genes shows clustered GO terms similar to those of the muIDH1 human gliomas, including immune system processes, developmental processes, and extracellular matrix organization (Supplemental Fig. S6B ). The REVIGO plot shows that the upregulated genes had associations with L-serine synthesis and negative regulation of nerve system development (Supplemental Fig. S6A ). The PANTHER overrepresentation test using the down-regulated genes categorized GO terms as "regulation of liquid surface tension," "biological adhesion," and "developmental process" in addition to "immune system process" ( Fig. 4A ; Mi et al. 2013 ). However, the PANTHER overrepresentation test did not show any categorized GO terms with the up-regulated genes in these muIDH1 mouse gliomas. Comparison of mouse and human data identified 18 overlapping GO terms from the REVIGO test (Fig. 4B) . The immune system process was the second most unique GO term associated with the down-regulated genes in human muIDH1 gliomas (Fig. 4C) . Gene set enrichment analysis (GSEA) also showed that wtIDH1 mouse gliomas had strong associations with positive regulation of immune responses (Fig. 4D) . The complete list of overlapped GO terms Table  showing median survivals and P-values. (C ) 2-HG concentrations in murine gliomas. Metabolites from murine glioma tissues were extracted followed by DATAN derivatization. 2-HG was measured with liquid chromatography-mass spectrometry. Seven and 11 metabolite extracts were used for the wtIDH1 and muIDH1 mouse glioma groups, respectively. Error bars show the standard deviation (SD). Analysis was done using Student's t-test. (D) CpG island methylation analysis using reduced representation bisulfite sequencing (RRBS). n = 4 muIDH1; n = 2 wtIDH1. associated with the down-regulated genes is provided in Supplemental Table S4 . The global lower gene expression in our muIDH1 mouse gliomas caused by IDH1 mutation is similar to that of muIDH1/CIMP human LGGs. In conclusion, our muIDH1 and wtIDH1 mouse glioma models mimic their human counterparts in several important aspects, including differential association with immune system processes.
Fewer CD45
+ cells are found in muIDH1 mouse gliomas
To validate the mouse gene expression data and investigate the phenotypic parallels between human and mouse muIDH1 tumors, we used flow cytometry to profile the immune cells present in normal mouse brain tissue and wtIDH1 and muIDH1 gliomas. We generated single-cell suspensions from brain tissue and evaluated immune cell content using the gating strategy depicted in Supplemental Figure S7 . The first two gates were performed to exclude doublets. A fixable viability dye was used to exclude dead cells from the analysis. Consistent with human data, the major immune cells present in each Ink4a/Arf −/− muIDH1 and wtIDH1 mouse glioma were microglia and macrophages, defined as CD45 + , respectively. The muIDH1 mouse gliomas displayed significantly fewer CD45 + immune cells compared with wtIDH1 gliomas (Fig. 5A ). Similar to human muIDH1 gliomas, we found reductions in microglia, macrophages, monocytes, and polymorphonuclear leukocytes (PMNs) in the muIDH1 tumors (Fig.   5B ). Gene expression of muIDH1 mouse gliomas was also negatively associated with leukocyte and neutrophil migration (Fig. 5C ).
Neutrophil chemotaxis is impaired in muIDH1 mouse gliomas
The TCGA human glioma data set suggests that chemotaxis-regulating genes are down-regulated in muIDH1 human gliomas. Thus, we hypothesized that leukocyte migration may be functionally impaired in muIDH1 gliomas. Notably, GSEA of muIDH1 mouse gliomas revealed a negative correlation with chemotaxis, leukocyte chemotaxis, and neutrophil chemotaxis (Fig. 6A) . We therefore investigated the extent of neutrophil migration in the presence of muIDH1 cells using a Boyden chamber. Neutrophils were plated on the top of a Boyden chamber, and then tissue homogenate from each Ink4a/Arf −/− tumor group was added to the bottom chamber. After 1 h of incubation to allow neutrophils to migrate, we normalized the migration index as 1 for muIDH1 mouse gliomas. As shown in Figure 6B , tissue homogenates of wtIDH1 mouse gliomas had approximately twice the migration index of muIDH1 mouse gliomas, suggesting that chemotaxis to muIDH1 gliomas was repressed. To investigate whether the reduced migration index was due to secretomes, we repeated the Boyden chamber experiment using conditioned medium from muIDH1 and wtIDH1 tumor-derived cells. The results showed that the conditioned medium from wtIDH1 tumor-derived cells had 1.7-fold higher chemotaxis than that from muIDH1 tumor-derived cells (Fig. 6C) , which is parallel to the results shown in Figure 6B .
These data indicate that tissue homogenates from muIDH1 mouse gliomas may contain lower levels of neutrophil chemoattractants. Thus, we quantified mRNA and protein expression in tumor tissues using quantitative PCR (qPCR) and a Proteome Profiler mouse cytokine array kit. We discovered that a large number of cytokine protein expressions were down-regulated in muIDH1 mouse gliomas, including CCL-2, CCL-3, CXCL-1, CXCL-2, CXCL-4, CXCL-16, GM-CSF, IL-1ra, IL-2, IL-6, IL-16, etc. We also measured the mRNA expression of Ccl2, Cxcl2, and C5. These proteins are highly associated with migration of a large number of immune cells associated with innate immunity. CCL-2 is known for recruiting leukocytes, including monocytes, memory T cells, and dendritic cells, to sites of inflammation produced by either tissue injury or infection. CXCL-2 is chemotactic for PMNs, including neutrophils as well as monocytes and macrophages. C5a has chemotactic and anaphylatoxic properties, which are essential in innate immunity, but it is also linked with adaptive immunity. Gene expression of these three genes was down-regulated in muIDH1 tumors at the mRNA level (Fig. 6D ) and protein level, as shown by a cytokine array (Fig. 6E) .
We further investigated the expression of these chemokines in human glioma cells. We used three patient-derived wtIDH1 human glioma lines from three independent patients (U3039, U3046, and U3065) in addition to a patient-derived muIDH1 glioma line (TS603). As shown in Supplemental Figure S8 , all three patient-derived wtIDH1 glioma lines showed significantly higher cytokine expression relative to the muIDH1 TS603.
Finally, we treated wtIDH1 or muIDH1 tumor-bearing Ntva_Ink4a/Arf +/− mice with an anti-Ly6g (1A8) or isotype control (2A3) antibody (500 µg per injection three times per week for 5 wk) to deplete the neutrophil populations. We observed no significant effect on muIDH1 tumors; however, we saw a significant survival benefit for wtIDH1 tumors (Supplemental Fig. S9) .
In summary, our data suggest that decreased immune cell infiltration in IDH mutant gliomas may be partly responsible for the improved clinical outcomes observed in these patients.
Discussion
Compared with their wtIDH1/2/non-CIMP counterparts, muIDH1/2/CIMP tumors exhibit better clinical outcomes, including superior overall survival. However, the underlying factors responsible for these differential clinical outcomes are still unclear. One can speculate that differences in genomic structure between these two types of gliomas significantly contribute to these outcomes, but in vivo experimental systems that isolate the effects of IDH1/2 mutations will be needed in order to reach this conclusion definitively. Historically, muIDH1/2/CIMP gliomas have been difficult to study for several reasons. First and foremost, muIDH1/2 glioma cell lines are rare. muIDH1/2 glioma cells are very difficult to culture in vitro, and forced overexpression of muIDH1/2 does not necessarily reflect the biology of these tumors (Piaskowski et al. 2011) . Also, muIDH1/2 glioma cells have differential activation and deactivation of metabolism, and this phenotype may hinder proliferation of tumor cell growth in vitro (Tateishi et al. 2015; Cui et al. 2016 ). In addition, IDH1/2 mutations themselves do not drive the formation of gliomas. Our results showing a lack of glioma formation from IDH1 mutations alone or in combination with p53 or Ink4a/ Arf loss are consistent with other efforts using viral gene transduction. Furthermore, transgenic expression of IDH1 mutations in the brain leads to defects in vascular and collagen formation but no tumors (Sasaki et al. 2012; Chen et al. 2014) . Moreover, computational analysis using the TCGA human glioma data set provides limited information. Whereas the TCGA human glioma data set is useful for identifying genetic alterations between the two glioma subtypes, there is insufficient resolution to study particular components in the tumor microenvironment, such as stromal cells and immune infiltrates. Therefore, in order to study the specific biological impact of IDH1 mutation in gliomas, appropriate isogenic wtIDH1 and muIDH1 in vivo tumor models are required to rule out large genetic variations between wtIDH1/ non-CIMP and muIDH1/CIMP gliomas.
PDGF is a significant component of gliomagenesis in humans and is the strongest driver of glioma formation in mice using RCAS/tva technology. In non-CIMP human gliomas, the earliest event in tumor generation is chromosomal nondisjunction, which results in gain of Ch7 (driven largely, but not entirely, by resultant PDGFA expression) and loss of Ch10 (driven partly by loss of phosphatase and tensin homolog [PTEN]) (Ozawa et al. 2014) . CIMP tumors also show evidence of PDGF activation, including overexpression of both ligand and receptors. Therefore, unlike IDH1/2 mutations that show, at best, subtle oncogenic effects, forced PDGF expression provides the ability to create experimental gliomas that share many of the aspects of their human counterparts and are easily genetically modifiable. In our study, we used PDGF-driven gliomas as the base tumor formation and overexpressed IDH1 mutation to alter their phenotypes to CIMP-like gliomas. As shown in previous reports, muIDH1 expression alone is sufficient to establish a hypermethylated phenotype in astrocytes (Turcan et al. 2012) . Therefore, concomitant overexpression of muIDH1 with PDGF in vivo should be able to induce muIDH1 gliomas, and we showed these tumors to have a hypermethylated phenotype. The major advantage of this muIDH1 mouse tumor model is the availability of the isotype control model, whose tumor-initiating events are identical to that of muIDH1 gliomas except for muIDH1 mutation expression.
These muIDH1 mouse gliomas showed many similarities to muIDH1 human gliomas, including similar histology, the production of similar levels of 2-HG, increased DNA methylation, and similar gene expression differences relative to wtIDH1 mouse tumors. The results from characterizing the impact of muIDH1 mutations on gene expression indicated that numerous genes associated with extracellular matrix formation, developmental biology, and metabolism were differentially expressed after muIDH1 expression compared with wtIDH1 expression. These biological differences mimic those observed in human muIDH1 gliomas. Comparison of expression profiles identified immune system-associated GO terms, such as leukocyte migration and chemotaxis, as down-regulated in muIDH1 gliomas. In addition, biological experiments using these muIDH1 mouse gliomas also showed an immunologic phenotype similar to that seen in muIDH1 human gliomas. These muIDH1 tumors show reduced numbers of many immune cell types, including microglia, macrophages, and PMNs, consistent with reduced production of chemokines in these tumors. These data are consistent with the immune-suppressed phenotype of CIMP gliomas being at least partially a result of IDH1 mutations and are also consistent with the longer survival time of patients with CIMP tumors compared with non-CIMP tumors, in part due to the IDH1 mutation itself and its effect on the immune component of the glioma.
This mouse model of IDH1 mutant gliomas will likely be useful for studying many aspects of CIMP glioma biology, since this isogenic IDH1 tumor pair reflects tumor biology altered by muIDH1 rather than any other genetic variations such as 1p19q codeletion and ch7
− loss. For instance, we observed that genes associated with extracellular matrix modification and formation (including those that encode collagens and integrins) were the most down-regulated in muIDH1 mouse tumors. As shown in this study, immune infiltrates and chemotaxis are regulated by IDH1 mutations. However, the complex genomic gains and losses seen in muIDH1 human astrocytomas and the characteristic loss of 1/19q observed in muIDH1 human oligodendrogliomas (The Cancer Genome Atlas Research Network 2015; Eckel-Passow et al. 2015; Suzuki et al. 2015; Ceccarelli et al. 2016) have not been recapitulated in any mouse model to date. This mouse model will also be useful to investigate the effect of specific inhibitors of muIDH1 on tumor progression. A recent study expressing wtIDH1 and muIDH1 in syngeneic glioma models has shown that the inhibition of muIDH1 using a specific inhibitor reversed the muIDH1 immune suppression (Kohanbash et al. 2017) .
Immunotherapy is showing great potential in many cancer types, and there are currently several ongoing trials of immunotherapy strategies in gliomas. It is becoming clear that the immunologic state of all cancers, including gliomas, needs to be taken into account, and their complexities need to be understood in detail. It is possible that the increased myeloid cell content in non-CIMP gliomas contributes to lymphocyte suppression via myeloid-derived suppressor cell activity (Gabrilovich et al. 2012) . Novel therapeutic strategies combining immune checkpoint blockade with myeloid cell depletion may prove effective for gliomas. Additionally, tumor-associated neutrophils are capable of promoting tumor growth through other mechanisms, including enhanced angiogenesis, matrix destruction, and increased tumor cell proliferation (Nozawa et al. 2006; Houghton et al. 2010; Coffelt et al. 2016 ). Here we show that systemic depletion of neutrophils slows down disease progression in wtIDH1 tumors but has no further effect on the progression of muIDH1 tumors, which already attract a lower number of neutrophils at basal levels. In addition, it will be important to study the effect of inhibitors of macrophage function (such as CSF1R antagonists) on wtIDH1 and muIDH1 tumors, and further studies will be required to clarify the specific roles of myeloid lineage cells in this context.
Materials and methods
Mouse brain tumors
Ntva_Ink4a/Arf +/+ , Ntva_Ink4a-Arf +/− , and Ntva_Ink4a/Arf −/− mice were used to generate mouse gliomas. The genetic backgrounds of tva mice were FVB/N, C57BL6, BALB/C, and 129.
To generate wtIDH1-expressing and muIDH1-expressing mouse gliomas, we used the RCAS/tva system as described previously Shih and Holland 2006; Ozawa et al. 2014) . Briefly, DF1 cells were maintained with 10% fetal bovine serum (FBS) in Dulbecco's modified Eagle medium (DMEM). Chicken fibroblasts were transfected with each RCAS viral plasmid using Fugene 6 transfection reagent (Roche) following the manufacturer's protocol. Next, PDGFa-expressing DF1 cells were mixed with either wtIDH1-shp53-expressing or muIDH1-shp53-expressing DF1 cells. These mixed DF1 cells were injected into Ntva_Ink4a/Arf
, and Ntva_ Ink4a/Arf −/− mice. Mice were monitored daily until they developed signs of illness, such as lethargy, poor grooming, weight loss, dehydration, macrocephaly, seizure, jumping, and/ or paralysis. Kaplan-Meier analysis demonstrating symptomfree survival in murine gliomas was performed using the logrank tests in Prism 6 software (GraphPad). Log rank P-values were measured with the Mantle-Cox test. A value of P < 0.05 was considered significant in this study.
Human LGG analysis
RNA sequencing raw counts and clinical information for 667 human LGGs were obtained using R/Bioconductor (http:// genomebiology.com/content/5/10/R80) package AnnotationHub (version 2.3.16; https://bioconductor.org/packages/release/bioc/ html/AnnotationHub.html). A total of 513 human LGGs for which the IDH1 mutation status was identified (using clinical variable column "IDH1 mutation found") were used for further analysis. The CIMP/non-CIMP status of the 417 human LGGs was determined using Bolouri et al. (2016) . Only those samples that were "muIDH1/CIMP" and "wtIDH1/non-CIMP" were considered for subsequent analyses.
Differentially expressed genes were determined between the muIDH1/CIMP (n = 417) and wtIDH1/non-CIMP (n = 91) human LGGs using DESeq2 (version 1.11.14; http://www. genomebiology.com/2014/15/12/550) with a cutoff of false discovery rate (FDR) <0.05 and fold change >2. GO-based enrichment tests were implemented using GOseq (version 1.23.0; http://www. genomebiology.com/2010/11/2/R14), which corrects for gene length bias. GO terms with corrected P-values <0.05 were considered significantly enriched (q-value <0.05). Up-regulated genes from various lists were enriched for Reactome and KEGG (Kyoto Encyclopedia of Genes and Genomes) Pathways using R/Bioconductor package ReactomePA (version 1.15.4) (Yu and He 2016) and clusterProfiler (version 2.5.4) (Yu et al. 2012) , respectively.
2-HG measurements
2-HG was measured by the following procedure (Rakheja et al. 2011) . Tumor tissues were washed with cold PBS, and cellular metabolism was quenched with ice-cold 80:20 MeOH:H 2-O. Samples were vortexed and either stored at −80°C or processed immediately. Cell suspensions were sonicated on ice and then centrifuged at 13,000 rpm for 10 min at 4°C. The supernatant was transferred to a new tube, and an internal standard (deuterated α-ketoglutarate; Sigma, D,L-2HG-D6) was added. Samples were lyophilized followed by derivatization in 50 µL of diacetyl-L-tartaric anhydride and 50 mg/mL methylene chloride:acetic acid (80:20) with incubation for 30 min at 75°C. After cooling at room temperature, the dry residue was dissolved in 0.5 mL of H 2 O. Samples were centrifuged again, and supernatants were analyzed by mass spectrometry. D-2HG and L-2HG standards (Sigma) ranging from 10 nM to 10 pM were used to create standard curves and quantify 2-HG in biological samples. The 2-HG values were normalized to protein concentration per sample.
RRBS
The RRBS method was modified from the previous protocol (Meissner et al. 2005) . A 500-ng sample of DNA was digested overnight with MspI (New England Biolabs). The entire digestion reaction was then input directly into the KAPA hyperlibrary preparation protocol (KAPA Biosystems) and prepared through the adapter ligation step using SeqCap adapters (Roche-Nimblegen) and a 2.5× post-ligation Agencourt AMPure XP bead cleanup (Beckman Coulter). The adapter-ligated DNA was then size-selected using a size range of 160-340 base pairs (bp) on a 2% Pippin preparation gel (Sage Science) followed by bisulfite conversion using the Zymo EZ DNA Methylation Lightning kit with a 20-µL elution volume (Zymo Research). The converted DNA was then put back into the KAPA hyperlibrary preparation protocol, resuming at the library amplification step with some minor modifications. Specifically, amplification was performed with 19 PCR cycles using 2× KAPA Hifi HotStart Uracil + ReadyMix (KAPA Biosystems). Post-amplification cleanup was performed with 0.8× Agencourt AMPure XP beads. Library size distributions were validated using the Agilent High-Sensitivity D1000 ScreenTape run on an Agilent 2200 TapeStation (Agilent Technologies, Inc.). Additional library quality control, blending of pooled indexed libraries, and cluster optimization were performed using Life Technologies-Invitrogen Qubit 2.0 Fluorometer (Life Technologies-Invitrogen). A pool comprised of eight libraries was sequenced over two lanes of an Illumina HiSeq 2500 run in Rapid Mode and using a single-read 67-bp (SR67) strategy. Image analysis and base calling were performed using Illumina's real-time analysis software version 1.18 followed by "demultiplexing" of indexed reads and generation of FastQ files using Illumina's bcl2fastq conversion software version 1.8.4 (http://support. illumina.com/downloads/bcl2fastq_conversion_software_184. html). Trim Galore version 0.3.7 was used for base call quality and adapter trimming of the reads followed by alignment to mm9 using Bimark version 0.13.11 (Krueger and Andrews 2011) . Methylation calls and differential methylation analyses were performed using the R package methylKit version 0.9.2 (Akalin et al. 2012 ).
Tissue processing
Tumor-bearing mouse brains were removed, fixed in 10% neutral-buffered formalin, and then embedded into paraffin blocks. The paraffin-embedded specimens were serially sectioned 5 µm in depth and slide-mounted. H&E staining was performed.
Immunohistochemistry
Automated stain processing (Discovery; Ventana Medical Systems, Inc.) was used for immunohistochemical detection with the manufacturer's standard protocol.
Tumor DNA analysis using PCR RCAS vectors inserted with either wtIDH1 or muIDH1 used as controls. For an analysis of RCAS-DNA integration, three tumor groups were used: control, wtIDH1, and muIDH1 tumors. DNA was extracted from mouse tumor tissues using the DNeasy blood and tissue kit (Qiagen). PCR amplification was performed with IDH1-F (5
, wtIDH1 or muIDH1 cDNA, and Taq DNA polymerase (Invitrogen, 10342020) on a MJ Research PTC-200 ThermoCycler. PCR conditions were 5 min at 94°C, denaturation for 45 sec at 94°C, annealing for 30 sec at 55°C, and extension for 90 sec at 72°C for 40 cycles followed by 10 min of final extension. PCR-amplified DNA was visualized using 1% agarose gel and then extracted using the QIAquick gel extraction kit (Qiagen, 28704) for capillary sequencing with the IDH1 sequencing primer (5 ′ -CGGTCTTCAGAGAAGCCATT-3 ′ ). The PCR products and pENTR vector were incubated with PacI and NotI enzymes and purified using gel electrophoresis followed by ligation to insert wtIDH1 or muIDH1 cDNA into the pENTR vector. Gateway cloning was then performed to transfer the insert to RCAS vectors.
Human glioma tissue processing for FACS
Human glioma tissues were collected in accordance with the University of Pittsburgh Institutional Review Board. Freshly resected tumors from muIDH1 or wtIDH1 glioma patients were mechanically dissociated with Accutase (Sigma Aldrich) to form a single-cell suspension. The single-cell suspension was then loaded onto a Percoll gradient (Sigma Aldrich) and centrifuged at 2250 rpm for 20 min. Cells present in the Percoll interphase were collected and analyzed by flow cytometry. Staining was performed for the following markers: CD45-PECy7, CD3-APCCy7, CD4-PerCP-Cy5.5, CD8-FITC, CD25-BV421, FoxP3-PE, CD127-APC, CD20-AF700, CD11b-APCCy7, CD80-PECy7, CD86-BV421, CD163-APC, CD14-FITC, CD15-BV711, and CD11c-PerCP-Cy5.5. All antibodies were purchased from BD Biosciences. Cells were analyzed on a BD LSR II flow cytometer, and post-acquisition analysis was performed on FlowJo.
Mouse glioma tissue processing for FACS Animals were sacrificed, and their brains were removed from the skull immediately after cardiac perfusion with 10 mL of PBS. Mouse brains were mechanically dissociated and subsequently gently forced through a 70-µm strainer followed by rinsing with 50 mL of Hank's balanced salt solution (HBSS) + 10% FBS. Cells were pelleted by centrifugation (500g for 10 min at 4°C) and immediately resuspended in RBC lysis buffer (5 mL per brain, 5 min on ice). RBC lysis was quenched by adding 3 vol of HBSS + 10% FBS, and cells were centrifuged at 500g for 10 min at 4°C. To remove myelin, cells were resuspended in 10 mL of 30% Percoll (GE Healthcare) and centrifuged at 700g for 10 min at room temperature without break. The myelin layer at the top was removed, and the cell pellet was resuspended in HBSS + 10%FBS, run through a 40-µm cell strainer, and centrifuged at 500g for 10 min at 4°C. The cell pellet was resuspended in cold PBS + 2% FBS to perform cell count and FACS staining.
Single-cell suspensions were incubated with mouse TruStain FcX prior to 30 min of immunostaining on ice using fluorochrome-conjugated antibodies (Supplemental Table S5 ). Dead cells were excluded with fixable viability dye (FVD) eFluor 780 (eBioscience) following the manufacturer's instructions. Stained cells with dye-conjugated antibodies listed in Supplemental Table S5 were washed, fixed with IC fixation buffer (eBioscience), and stored at 4°C until analysis. Samples were analyzed on a LSR II flow cytometer with FACSDiva software (BD). Compensation and analysis were performed with FlowJo software (TreeStar), and gates were defined by fluorescence minus one (FMO) controls.
RT-PCR (qPCR)
Total RNA was extracted from tumor tissues using RNeasy minikits (Qiagen) and was used to synthesize cDNA by using the SuperScript first strand synthesis system for RT-PCR (Invitrogen, 11904018) according to the manufacturer's protocol. SYBR Green real-time PCR was performed using primer sets, reagents, and protocols from Applied Biosystems in a 7900 HT Fast real-time PCR system (Applied Biosystems). Each sample was analyzed in quadruplicate. All primers used are shown in Table 1 .
Antibodies for Western blotting and immunohistochemistry
The following primary antibodies were used for Western blots and immunohistochemical staining: Myc tag (Cell Signaling, 2272), PDGFA (Santa Cruz Biotechnology, sc-128), β-Actin (Sigma Aldrich, A1978), α-tubulin (Sigma Aldrich, T5168), wtIDH1 (Histobiotech, DIA-W09), muIDH1 (Histobiotech, DIA-H09), anti-Flag (Sigma Aldrich, F7425), anti-5-mC (Abcam, ab10805), and Olig2 (Millipore, AB9610). CCL2-1F  TTAAAAACCTGGATCGGAACCAA  CAGCCAGATGCAATCAATGCC  CCL2-1R  GCATTAGCTTCAGATTTACGGGT  TGGAATCCTGAACCCACTTCT  CXCL2-1F  CCAACCACCAGGCTACAGG  TTCACAGTGTGTGGTCAACAT  CXCL2-1R  GCGTCACACTCAAGCTCTG  TCTCTGCTCTAACACAGAGGGA  C5-1F  GAACAAACCTACGTCATTTCAGC  ACAGTCATAGAGTCTACAGGTGG  C5-1R GTCAACAGTGCCGCGTTTT CCAACTGGTCAAGCGAATCTT GENES & DEVELOPMENT Cold Spring Harbor Laboratory Press on June 2, 2017 -Published by genesdev.cshlp.org Downloaded from
Neutrophil isolation
Mice were injected with 4% sterile thioglycolate intraperitoneally. After 4 h, mice were injected with 4% sterile thioglycolate (Sigma-Aldrich, B2551) intraperitoneally. After 4 h, mice were euthanized, and the peritoneal space was flushed twice with 10 mL of sterile PBS to harvest neutrophils. Cells were washed in PBS and counted with a hematocytometer.
Preparation of protein homogenates
Brain tissue homogenates were prepared from frozen tissues from tumor-bearing and non-tumor-bearing mice. Brain tissue was minced, resuspended in RPMI-1640, and disintegrated using a tissue homogenizer. Homogenates were centrifuged at 5000 rpm for 5 min at 4°C, and the supernatant was collected.
Neutrophil depletion
For neutrophil depletion, tumor-bearing mice received intraperitoneal injections of 500 µg of 1A8 (Ly6g depletion) or 2A3 (control; both from Bio X Cell) antibody per mouse starting from day 21 after DF1 cell injection. Injections were given three times per week for 5 wk. Mice were monitored for signs of disease progression as described above.
MicroBoyden chamber chemotaxis assays
Neutrophil migration was evaluated using a 48-well microBoyden chamber (NeuroProbe) with a 5-µm pore size polycarbonate filter. Brain homogenate (2.5 µg and 30 µL) was added to the bottom wells, and neutrophils resuspended in 50 µL of RPMI-1640 (3 × 10 6 cells per milliliter) were added to the upper chamber and incubated for 1 h at 37°C. In place of the tumor homogenate, conditioned medium from tumor-derived cells was used overnight. Subsequently, cells were removed from the upper well, and the upper side of the filter was washed to remove nonmigrated cells. The migrated cells on the bottom side of the filter were fixed in ice-cold methanol and stained using Hema 3 (Thermo Fisher Scientific). The chemotactic index was defined as the number of migrated cells toward protein homogenates from tumor-bearing mice divided by the number of cells migrated toward protein homogenates prepared from normal brains.
Cytokine arrays
To screen cytokine expression, a Proteome Profiler mouse cytokine array kit, panel A (R&D, ARY006) was used following the manufacturer's protocol.
RNA expression analysis
Total RNA was extracted from tumor tissues using RNeasy minikits (Qiagen). Total RNA integrity was checked using an Agilent 2200 TapeStation (Agilent Technologies, Inc.) and quantified using a Trinean DropSense96 spectrophotometer (Caliper Life Sciences). High-quality RNA samples were converted to cDNA and biotin labeled for microarray analysis using Ambion's Illumina TotalPrep RNA amplification kit (Life Technologies). Labeled cRNAs were processed on a MouseWG-6v2 Expression BeadChip (Illumina, Inc.) and imaged using an Illumina iScan system.
Microarray data were assessed for quality followed by quantile normalization using the Bioconductor package lumi (Du et al. 2008) . The data set was filtered initially by flagging probes that fell below a signal "noise floor," which was established using the 75th percentile of the negative control probe signals within each array, retaining only those probes that were above threshold in all samples within a single group for a given comparison. We subsequently filtered the data set by using a variance filter using the "shorth" function of the Bioconductor package genefilter. Statistical analyses was performed using the Bioconductor package limma (Smyth 2005) , and a FDR method was applied to correct for multiple testing (Reiner et al. 2003) . Differential expression was defined as |log2 (ratio)|> = 0.585 (±1.5-fold) with the FDR set to 5%.
Statistical analyses
For the classification of TCGA samples into muIDH1/CIMP and wtIDH1/non-CIMP gliomas, we extracted sample data from Supplemental Table S1 from Ceccarelli et al. (2016) . For the CIMP/ non-CIMP classification, we used Bolouri et al. (2016) .
Kaplan-Meier survival curves were prepared using GraphPad Prism 6 (GraphPad Software) and analyzed using log-rank (Mantel-Cox) tests.
GO analysis was conducted on differentially expressed genes between the wtIDH1 and muIDH1 groups using the R/Bioconductor package "goseq." The REVIGO (Supek et al. 2011 ) Web interface was used to reduce and visualize these GO categories in a two-dimensional space as a scatter plot, derived by applying multidimensional scaling to a matrix of the GO terms' semantic similarities. PANTHER (Mi et al. 2013 ) was used for analyzing gene lists of down-regulated genes in human and mouse muIDH1 tumors for overrepresented GO terms.
